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ABSTRACT 
Severa l  groups of l i t h i u m  doped f l o a t  zone s i l i c o n  s o l a r  cells have 
2 
been i r r a d i a t e d  a t  f luences  of 3 x 1014 and 3 x 1015 1 MeV e/cm and 
s t o r e d  a t  room temperature.  Half recovery t i m e s  of 0.5 hours  and 2-3 hours 
are observed f o r  t h e  corresponding f luences .  The maximum annealed va lues  
are h ighe r  f o r  t h e  lower i r r a d i a t i o n  f luences  b u t  do n o t  e x h i b i t  complete 
anneal ing i n  t h i s  f l uence  range. Previous experiments conducted on l i t h i u m  
doped c r u c i b l e  s i l i c o n  s o l a r  cells i n d i c a t e  t h a t ,  a l though anneal ing t i m e s  
are ccns iderably  longer ,  bo th  t h e  i n i t i a l  ou tpu t s  and t h e  maximum annealed 
outputs  are h igher  than t h i s  group of f l o a t  zone cells. 
of l i t h i u m  doped c r u c i b l e  cells a t  80-100°C produce anneal ing t i m e s  
Fu r the r ,  s t o r a g e  
comparable t o  t h a t  of t h i s  group of l i t h i u m  doped f l o a t  zone cells. Lithium 
d i f fused  s i l i c o n  wi th  concent ra t ions  varying from 1015 t o  10 l8  atoms/cc 
e x h i b i t  h a l l  c o e f f i c i e n t s  i n  agreement which a r s e n i c  doped s i l i c o n  and s i l i c o n  
doped wi th  l i t h i u m  i n  t h e  m e l t .  Carrier removal s tudees  of t h i s  f l o a t  zone 
l i t h i u m  d i f fused  s i l i c o n  i n d i c a t e  an exponent ia l  dependence on l i t h i u m  
concent ra t ion  of t h e  carrier removal rate as previous ly  observed i n  s i l i c o n  
doped wi th  l i t h i u m  i n  t h e  m e l t .  This  dependence impl ies  a r e l a t i o n s h i p  
of t h e  form: 
n dn 
d@ a 
- - -  - -  
I r r a d i a t i o n s  performed on l i t h i u m  doped s i l i c o n  as a func t ion  of carrier 
concent ra t ion  i n d i c a t e  t h a t  a i s  n o t  a cons tan t  b u t  r a t h e r  l i n e a r l y  dependent 
on t h e  i n i t i a l  l i t h i u m  donor concent ra t ion  of t h e  form a = n / 2 . 2 ,  which is  
approximately equal  t o  t h e o r e t i c a l l y  computed atomic displacement rates f o r  
0 
1 MeV e l e c t r o n s  i n  s i l i c o n .  
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I. INTRODUCTION 
This  r e p o r t  covers  activit ies dur ing  t h e  second t h r e e  months of 
performance on JPL Cont rac t  No. 952251. The work presented  h e r e  inc ludes  
t h e  eva lua t ion  of f l o a t  zone and Lopex l i t h i u m  doped s i l i c o n  s o l a r  cells 
i r r a d i a t e d  a t  3 x lo1' and 3 x 1015 e / c m 2  a t  an energy of 1 Mev and 
s t o r e d  a t  room temperature.  
w i th  previous l i t h i u m  doped c r u c i b l e  s i l i c o n  s o l a r  ce l l s  i n d i c a t e  t h a t ,  
The r e s u l t s  of t h e s e  eva lua t ions  when compared 
al though t h e  f l o a t  zone l i t h i u m  doped s i l i c o n  annea ls  r ap id ly  a t  room 
temperature ,  t h e  c r u c i b l e  s i l i c o n  e x h i b i t s  h ighe r  i n i t i a l  and maximum 
annealed ou tpu t s  a f t e r  s u f f i c i e n t  t i m e  a t  room temperature  o r  s t o r a g e  a t  
e l e v a t e d  temperatures .  
t i o n s  between 1015 and 10 l8  atoms/cc i n d i c a t e ,  as found previous ly ,  t h a t  
F l o a t  zone s i l i c o n  doped w i t h  l i t h i u m  t o  concentra- 
t h e  carrier removal rate i s  an exponent ia l  func t ion  of ins tan taneous  
carrier concent ra t ion .  I sochronal  anneal ing experiments i n d i c a t e  anneal ing 
s t a g e s  a t  about 100°C and 200°C. Annealing a t  h igher  temperatures seems 
t o  r e s u l t  i n  t h e  r ed i s so lv ing  of l i t h i u m  p r e c i p i t a t e s  formed i n  t h e  s i l i c o n  
i n  t h e  i n i t i a l  d i f f u s i o n .  
II. PROGRESS I N  THIS REPORT PERIOD 
A. Lithium So la r  C e l l  Evaluat ion Program 
Two d i f f e r e n t  groups of l i t h i u m  doped f l o a t  zone s i l i c o n  s o l a r  cells 
w e r e  received and eva lua ted  i n  t h i s  r e p o r t  per iod .  
cons i s t ed  of Hel io tek  f a b r i c a t e d  c e l l s p s i n g  phosphorus doped 
f l o a t  zone material wi th  a paint-on l i t h i u m  source  d i f f u s e d  a t  425'C. 
second group of cells cons i s t ed  of Texas Instruments  f a b r i c a t e d  cel ls  u t i l i z i n g  
The f i r s t  group of ce l l s  
80-120 ohm-cm 
The 
g r e a t e r  than  50 ohm-em Lopex s i l i c o n  w i t h  an evaporated source  and d i f fused  
This  
subcont rac t .  Its content  i s  no t  n e c e s s a r i l y  endorsed by t h e  Jet Propuls ion 
Laboratory,  C a l i f o r n i a  I n s t i t u t e  of Technology, o r  t h e  Nat iona l  Aeronautics 
and Space Adminis t ra t ion,  
- - - - -  
r e p o r t  con ta ins  information prepared by TRW Systems Group under J P L  
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a t  400°C. Fur the r  d e t a i l s  are given i n  Table 1. The p r i n c i p l e  d i f f e r e n c e  
i n  t h e  two groups of cells i s  t h e  comparison of f l o a t  zone material wi th  
Lopex material and t h e  s l i g h t  d i f f e r e n c e  i n  d i f f u s i o n  schedules .  
The i n i t i a l  c h a r a c t e r i s t i c s  of t h e  two groups of cells were q u i t e  
d i f f e r e n t .  The H-4 group exh ib i t ed  r a t h e r  low s h o r t  c i r c u i t  c u r r e n t s  i n  
the 35 ma. range whereas the T-3 group of cells  exh ib i t ed  remarkably h igh  
s h o r t  c i r c u i t  c u r r e n t s  i n  t h e  52-55 ma.  range. Cells f a b r i c a t e d  i n  t h i s  
f a sh ion  i n  t h e  p a s t  normally e x h i b i t  s h o r t  c i r c u i t  c u r r e n t s  i n  t h e  40-50 ma.  
range under i l l u m i n a t i o n  wi th  our 2800°K tuns t en  l i g h t  t a b l e .  I n  a d d i t i o n ,  
t h e  open c i r c u i t  vo l t age  of t h e  T-3 group of cel ls  w a s  q u i t e  good, ranging 
from 590-600 mv. Normal open c i r c u i t  vo l t ages  have been observed t o  range 
from about 525-575 mv. These i n i t i a l  c h a r a c t e r i s t i c s  are included i n  t h e  
response d a t a  given i n  Table 2. I n  view of t h e  high l i t h i u m  concen t r a t ion ,  
as determined by capac i tance  measurements, t h e  h igh  s h o r t  c i r c u i t  c u r r e n t s  
f o r  t h e  T-3 group of cells made from Lopex s i l i c o n  are i n c o n s i s t e n t  w i th  
previous observa t ions  and can n o t  be  explained a t  t h i s  t i m e  whi le  t h e  h igh  
open c i r c u i t  vo l t ages  are c o n s i s t e n t  wi th  low r e s i s t i v i t y  material. 
Capacitance ve r sus  vo l t age  d a t a  w a s  acqui red  as shown i n  F igures  1 
and 2 and from t h i s  d a t a  l i t h i u m  concent ra t ions  w e r e  computed as g iven  i n  
Table 3". 
a very  heavy l i t h i u m  concent ra t ion  of about 4 x 1015 L i / c c  r e l a t i v e  t o  t h e  
more normal contemporary l i t h i u m  concent ra t ions  i n  t h e  1014 L i / c c  range. 
The H-4 group a l s o  had a r e l a t i v e l y  h igh  l i t h i u m  concent ra t ion  of 1 x 1015 Li/cc. 
The lower than  normal s h o r t  c i r c u i t  c u r r e n t s  observed i n  t h e  H-4 group i s  
The observed capac i tance  f o r  t h e  T-3 group of cells i n d i c a t e d  
c o n s i s t e n t  wi th  t h e i r  r e l a t i v e l y  h igh  l i t h i u m  concent ra t ion ;  however, t h e  
extremely high s h o r t  c i r c u i t  c u r r e n t s  exh ib i t ed  by t h e  T-3 cells  wi th  a 
I n  t h e  p r i o r  Second Quar te r ly  Report No. 10971-6008-R0-00 an e r r o r  w a s  made 
The donor concent ra t ion  given as exponent 15 should b e  exponent 
" 
i n  Table  3 .  
14. This  e r r o r  w i l l  be  co r rec t ed  i n  t h e  f i n a l  r e p o r t .  
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lithium concen t r a t ion  fou r  t i m e s  h ighe r  than  t h e  H-4 cells i s  very  i n t e r e s t i n g  
and worthy of f u r t h e r  exp lo ra t ion .  
teristics aga in  e x h i b i t  c l o s e  t o  -1/4 s l o p e s  w i t h  t h e  T-3 cells having a 
s l o p e  of -0.24 and t h e  H-4 cells having a s l o p e  of -0,29. 
-1/4 s l o p e  has  been appearing r e g u l a r l y  i n  contemporary l i t h i u m  doped cells,  
t h e  t h e o r e t i c a l  s i g n i f i c a n c e  of t h e  -1/4 exponent w a s  explored i n  terms of 
fundamental p r i n c i p l e s .  A s  discussed  i n  prev ious  r e p o r t s ,  a -1/2 s lope  i s  
i n d i c a t i v e  of a s t e p  j u n c t i o n  wi th  a uniform concen t r a t ion  of carriers i n  
t h e  deple ted  reg ion  a t  t h e  junc t ion .  
g rad ien t  of carriers i n  t h e  deple ted  region.  
cel ls  have exh ib i t ed  a -1/3 s lope .  
concent ra t ion  p r o f i l e  nea r  t h e  j u n c t i o n  i s  f u n c t i o n a l l y  of a q u a d r a t i c  form. 
Dif fus ion  p r o f i l e s  normally e x h i b i t  an e r r o r  func t ion  concent ra t ion  
dependence. 
and f u r t h e r  s i n c e  some p e r t a b a t i o n  of t h e  p r D f i l e  a t  t h e  j u n c t i o n  can be  
a n t i c i p a t e d ,  t h e  -1/4 s lope  normally observed can a c t u a l l y  be  a n t i c i p a t e d  
from b a s i c  p r i n c i p l e s .  This  approach, however, i s  no t  meant t o  b e  a r igorous  
q u a n t i t a t i v e  s o l u t i o n  bu t  r a t h e r  only a q u a l i t a t i v e  d e s c r i p t i o n  of t h e  
r e l a t i o n s h i p  between t h e  -1/4 power dependence observed i n  capac i tance  
vo l t age  measurements and t h e  a n t i c i p a t e d  l i t h i u m  concent ra t ion  p r o f i l e  i n  
t h e  v i c i n i t y  of t h e  j u n c t i o n  where t h e  experimental  measurements are v a l i d .  
The capac i tance  ve r sus  vo l t age  charac- 
Inasmuch as t h e  
A -1/3 s l o p e  i s  i n d i c a t i v e  of a l i n e a r  
Some groups of l i t h i u m  doped 
A -1/4 s l o p e  r e s u l t s  i f  t h e  carrier 
Since f u n c t i o n a l l y  an e r r o r  func t ion  is  very s i m i l a r  t o  q u a d r a t i c  
2 As i n  t h e  prev ious  experiments t h e  cells  were i r r a d i t e d  a t  3 x l O I 4  e/cm 
and 3 x lo1’ e/crn2 a t  1.0 MeV. 
T-3 group of cells than  i n  t h e  H-4 group of cells  which w a s  expected due t o  
t h e i r  h ighe r  l i t h i u m  doping and hence lower material r e s i s t i v i t y .  
recovery t i m e s  f o r  t h e  two groups of cells were about t h e  s a m e ;  namely, about 
1 / 2  hour f o r  t h e  lower level of i r r a d i a t i o n  and about 2-3 hours a t  t h e  h ighe r  
The i n i t i a l  degrada t ion  w a s  g r e a t e r  i n  t h e  
The 
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level of irradiation as shown in Figures 3 through 6 and as summarized 
in Table 2. The recovered levels, however, were significantly higher for 
the T-3 group relative to the H-4 group after 3 x 1014 e/cm , whereas the 
recovered levels were approximately the same for the 3 x 1015 e/cm 
irradiation. After approximately 400 hours, redegradation, though not 
yet significant in magnitude, is beginning to occur in the T-3 cells. More 
time will be required to further define the magnitude of the degradation for 




The subject of redegradation is of critical concern in the development 
of the lithium doped radiation resistant silicon solar cell. Previous 
observations of redegradation seem to have been limited to float zone 
silicon which is moderately to highly lithium doped. Due to the long times 
required to observe redegradation, i.e., months to a year, adequate data to 
describe this phenomena has been difficult to obtain. Recent measurments, 
although obtained with efforts supported on another program (funded by 
Air Force Aero Propulsion Laboratory, Wright-Patterson Air Force Ease under 
Contract No. F33615-68-C-1198), are pertinent to the objectives of this 
program. 
a variety of lithium doped cells were irradiated and studied for subsequent 
annealing characteristics. 
one year indicate. that serious redegradation of annealed short circuit 
current and open circuit voltage is occurring in float zone lithium doped 
silicon solar cells fabricated in a manner very similar to the float zone 
cells now under evaluation. The magnitude of the redegradation is at this 
time 10-20% in short circuit current, 3-6% in open circuit voltage, but with 
negligible effect on the shape of the I-V characteristic. The control cells, 
In February of 1968 a neutron experiment was conducted in which 
Measurements now accumulated over the span of 
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which were n o t  i r r a d i a t e d ,  exh ib i t ed  i d e n t i c a l  redegrada t ion  c h a r a c t e r i s t i c s .  
From t h e s e  d a t a  i t  would appear t h a t  t h e  redegrada t ion  phenomena is a t  
least i n  p a r t  a b a s i c  i n s t a b i l i t y  of l i t h i u m  i n  s i l i c o n  and i s  n o t  pa r t -  
i c u l a r l y  s e n s i t i v e  t o  t h e  F r r a d i a t i o n  environment. It is  n o t  f e l t ,  however, 
t h a t  a l l  of t h e  redegrada t ion  observed t o  d a t e  can b e  c l a s s i f i e d  i n  t h i s  
f a sh ion  s i n c e  i n  some cases redegrada t ion  i s  observed t o  i n i t i a t e  a f t e r  
on ly  a p o s t - i r r a d i a t i o n  s t o r a g e  of a few hundred hours ,  wherein t h e  a c t u a l  
age of t h e  cells i s  of t h e  o rde r  of months. Addi t iona l  long t e r m  d a t a  on 
s t o r a g e  of bo th  i r r a d i a t e d  and u n i r r a d i a t e d  l i t h i u m  doped cells w i l l  have 
t o  be  acqui red  t o  f u r t h e r  i d e n t i f y  t h e  k i n e t i c s  of redegrada t ion  i n  t h i s  
apparent ly  complex r e a c t i o n .  
For purposes of adequate  comparison of l i t h i u m  doped cells t o  conven- 
t i o n a l  n/p 10 ohm-cm contemporary cells, a group of s tandard  cel ls  provided 
by Hel io tek  and Centralab have a l s o  been i r r a d i a t e d  wi th  1 Mev e l e c t r o n s  as 
shown i n  F igure  7’. 
band d a t a  on 12 s e p a r a t e  cells from both manufacturers ,  t h e  r e p r o d u c i b i l i t y  
of t h e  convent ional  ce l l  w i t h i n  a group and between manufacturers is  very 
good. 
a degraded s h o r t  c i r c u i t  c u r r e n t  of 33-35 m a .  I n  comparison w i t h  l i t h i u m  
doped p /n  cells which a l s o  e x h i b i t  annealed s h o r t  c i r c u i t  c u r r e n t s  of 
approximately 33 m a . ,  i t  i s  clear t h a t  t h e  annealed l i t h i u m  ce l l  is  as good 
as, b u t  no t  b e t t e r  than ,  t h e  convent ional  cel l  under e l e c t r o n  bombardment 
t o  t h e s e  moderately h igh  f luences .  Under pro ton  and neutron i r r a d i a t i o n ,  
however, i t  has  a l s o  been shown t h a t  the l i t h i u m  ce l l  when annealed i s  
c l e a r l y  s u p e r i o r  t o  the convent ional  cell .  
f o r  f luences  of 3 x 1014 e / c m  where t h e  convent ional  cel l  has  an output  of 
46-49 m a .  compared t o  t h e  l i t h i u m  doped T-3 group wi th  an annealed output  
A s  i s  ev iden t  i n  t h e  f i g u r e ,  which conta ins  wi th in  t h e  
It i s  observed t h a t  a f t e r  3 x 1015 e / c m 2  t h e  s tandard  ce l l s  e x h i b i t  
A similar  comparison can be  made 
2 
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of about 45 ma. short circuit current. In this particular case the H-4 
group was noticably lower but this is attrihuted to the lower initial 
short circuit currents. Previous Heliotek cells with lower lithium 
concentrations and higher initial short circuit currents compare favorably 
with the T-3 group of cells. Although all of the comparisons presented 
here are based on short circuit current, the open circuit voltage measure- 
ments correspond linearly, and no anomolous effects were observed in the 
shape of the I-V characteristic. It is concluded, therefore, that the 
observations reported here in terms of short circuit current would also 
be valid for maximum power or power at a given voltage. 
use of tengsten illumination as opposed to solar illumination will accentuate 
the deep diffusion limited response which is affected by irradiation and 
hence, although the observations presented here would qualitatively be 
reproduced under solar illumination, the magnitudes of the differences 
in response between various groups of cells would most certainly be less 
under solar illumination. 
and in many cases the short time span required for evaluation, the use of 
a solar simulator for the measurements as presented here is impractical. 
Furthermore, the 
Due to the number of cells under evaluation, 
In comparing the float zone cells evaluated in this report period 
with the lithium doped crucible silicon solar cells evaluated in the prior 
report period, several observations of interest can be made. The crucible 
cells in the previous group in general had higher initial characteristics 
than the corresponding group constructed from float zone material. 
the annealed outputs of the crucible grown cells were, for those cells which 
exhibited annealing, significantly higher than this group of float zone 
lithium doped cells and the standard n/p 10 ohm-an cells. 
disadvantage of the crucible cells is the slower annealing times at room 
Secondly, 
The only 
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temperature which range from several months to a year for maximum 
annealing. A s  was reported in the previous progress report, however, 
the raising of crucible lithium doped cells to temperatures of only 
80-100°C produced annealing times comparable with the room temperature 
float zone cells. When other non-radiation oriented factors are considered, 
such as the practicality and economics of producing large quantities of 
lithium doped solar cells from crucible material, the lithium doped crucible 
cell remains as an extremely attractive device in comparison with the 
lithium float zone cell. 
B. Carrier Removal Studies 
Our previously reported work in this area has involved silicon 
Our recent efforts which was doped with lithium during crystal growth. 
gre concentrated upon similar studies in silicon doped by diffusion of 
lithium into the sample. 
of 75 ohm-cm is used for most studies, The lithium was diffused in a 600°C 
to provide uniform saturation. 
equilibrium at a lower temperature. 
prepared with lithium donor concentrations between 1015 and 10l8 atoms/cm . 
Table IV summarizes the various electrical properties of the samples prepared 
to date. 
or arsenic doped silicon in regard to hall mobility and hall coefficient 
variation with temperature. 
samples are compared to the published experimental and computed values of 
Morin and Maita for arsenic doped silicon. 
found for our lithium doped specimens are very close to previously mentioned 
data. 
charged lithium donor atoms. 
Float zone silicon with an n-type resistivity 
The sample is then allowed to approach 
In this manner samples have been 
3 
The electrical properties of this material are typical of phosphorus 
In Figure 8 the hall mobilities of these 
In nearly all cases the values 
This would indicate that the scattering centers are largely the singly 
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The electron irradiation results of this material are shown in 
Figure 9. Sample D-1, described in Table IVY was irradiated with 1 MeV 
electrons at room temperature in increments. 
interrupted, the resistivity and hall coefficient were determined. The 
electron carrier concentration, as determined by the hall coefficient, is 
plotted as a function of electron fluence. Since the logarithm of the 
carrier concentration versus fluence yields a straight line, it appears 
that this material has again demonstrated the same exponential dependence 
of carrier concentration upon electron fluence which was previously found 
in float zone silicon doped with lithium in the melt. The results of 
these irradiations are described by the following equation: 
When the irradiation was 
n = n exp (-@/a) 
0 
where: n = initial electron concentration 
0 
@ = electron fluence 
a = a constant 
n = electron concentration after irradiation 
such a relationship indicates that the instantaneous removal rate (dn/d@) 
is not a constant, as has been found in other cases, but is directly related 
to the instantaneous carrier concentration as follows: 
n dn 
d@ a 
- - -  - -  
16 2 In the case of sampleD-2 the constant a = 5 x 10 
relation was found in all our recent investigations. Although one might 
e/cm e This exponential 
expect the same value of a in samples with different lithium concentrations, 
in fact this condition was not found. There was considerable variation in 
values found for the constant a. 
are plotted versus the lithium donor concentration (carriers) of the sample 
In Figure 10, the experimental values of a 
irradiated. The points on this log-log plot indicate a is a linear function 
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of t h e  i n i t i a l  l i t h i u m  donor concen t r a t ion  of t h e  specimen. The r e l a t i o n -  
s h i p  appears  t o  be: 
c1 = no/2.2 
I n  t h i s  r e l a t i o n s h i p  i s  s u b s t i t u t e d  i n t o  t h e  ins tan taneous  carrier concen- 
t r a t i o n  express ion ,  t h e  fol lowing express ion  r e s u l t s :  
n 
n 
- -  dn - 2.2 - 
0 
d @  
This would r e s u l t  i n :  
- -  dn - 2.2 d@ 
a t  t h e  s tar t  of i r r a d i a t i o n  when n = n e The phys ica l  reasons f o r  t h i s  
r e l a t i o n s h i p  are n o t  apparent  a t  t h i s  t i m e .  I f ,  as one might expec t ,  a w a s  
independent of l i t h i u m  concent ra t ion ,  and t h e  va lue  of a found f o r  a 
w e r e  t o  apply f o r  samples of l O l a  L i / c m 3  and g r e a t e r  t h e  va lue  of dn/d@ would 
0 
2 L i / c m  
i n i t i a l l y  exceed t h a t  of t h e  displacement rate f o r  1 MeV e l e c t r o n s .  Such 
a s i t u a t i o n  would b e  very  d i f f i c u l t  t o  account f o r  t h e o r e t i c a l l y .  
of t h e  i n i t i a l  removal rate found h e r e  (2.2/cm> i s  roughly equal  t o  t h e  
The va lue  
ca l cu la t ed  displacement rate of 1 MeV e l e c t r o n s  i n  s i l i c o n .  
The anneal ing behavior  of r a d i a t i o n  damage i n  t h e  s u b j e c t  specimens i s  
i n  marked c o n t r a s t  t o  t h a t  p rev ious ly  repor ted  i n  s i l i c o n .  W e  p rev ious ly  
repor ted  an i sochrona l  annea l ing  s t a g e  a t  about 150°C i n  which about 40% of 
t h e  carrier removal damage recovered i n  f l o a t  zone s i l i c o n  l i t h i u m  doped i n  
t h e  m e l t .  Sample A-1 w a s  i r r a d i a t e d  wi th  4 x e/crn2 and i sochrona l ly  
annealed f o r  15 minutes a t  75°C and o t h e r  h ighe r  temperatures  a t  25°C i n t e r v a l s .  
The anneal ing d a t a  f o r  sample A-1 is  shown i n  F igure  11, I n  t h e  v i c i n i t y  
of 100°C about  10% of  t h e  removal damage is recovered. A t  200°C what appears  
t o  be a second annea l ing  s t a g e  begins .  Af t e r  anneal ing f o r  15  minutes a t  
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275°C t h e  carrier concen t r a t ion  has  increased  t o  approximately t h e  same 
va lue  found i n  t h e  specimen p r i o r  t o  i r r a d i a t i o n .  I sochronal  annea l ing  
a t  temperatures  above 275°C produce r a t h e r  s t a r t l i n g  r e s u l t s .  
success ive  annea l ing  s t e p  increases t h e  carrier concent ra t ion .  Af t e r  t h e  
annea l  a t  35OOC t h e  carrier concent ra t ion  i s  f i v e  t i m e s  g r e a t e r  than  t h a t  
found priior t o  i r r a d i a t i o n .  
i n  t h e  comparison of t h e  i sochronal  anneal ing d a t a  t o  t h e  l i t h i u m  s o l u b i l i t y  
of P e l l ,  which i s  a l s o  p l o t t e d  i n  F igure  11. Since t h e  specimen w a s  
o r i g i n a l l y  s a t u r a t e d  w i t h  l i t h i u m  a t  600°C and then  he ld  a t  2OO0C, t h e  
lower temperature  produced a p r e c i p i t a t e d  second phase of l i t h i u m  s i l i c i d e  
r a t h e r  than  o u t d i f f u s i o n  of l i t h i u m  as expected. The anneal ing above 200°C 
allowed t h e  s i l i c o n  t o  r e d i s s o l v e  t h e  p r e c i p i t a t e ,  w i th  subsequent i nc rease  
of l i t h i u m  donor concent ra t ion .  
approach t h e  s o l u b i l i t y  d a t a  as temperature  inc reases .  S ince  t h a t  behavior  
w a s  n o t  found i n  our  previous s t u d i e s  of l i t h i u m  doped f l o a t  zons s i l i c o n ,  
w e  can only conclude t h a t  t h e  p re sen t  material had a much lower oxygen content ,  
and t h e r e f o r e  t h e  l i t h i u m  atoms are n o t  captured by oxygen atoms and can 
e x i s t  as f r e e  atoms o r  a second phase.  I f  t h e  observed e f f e c t  i s  indeed 
l i t h i u m  red i s so lv ing ,  if may mask t h e  anneal ing of t h e  remaining 90% of 
removal damage a f t e r  annea l ing  a t  175°C. 
c l a r i f y  t h e s e  e f f e c t s .  
Each 
The apparent  explana t ion  of t h i s  behavior  lies 
The anneal ing d a t a  show a tendency t o  
Fur the r  work i s  necessary  t o  
A second view of t h e  i r r a d i a t i o n  and annea l ing  of sample A-1 can be  seen 
i n  F igure  12. I n  t h i s  f i g u r e  t h e  h a l l  mob i l i t y  of t h e  specimen is  p l o t t e d  
ve r sus  t h e  l i t h i u m  donor concent ra t ion  a f t e r  va r ious  i r r a d i a t i o n s  and anneals., 
I n  a d d i t i o n  t o  t h e  d a t a  p o i n t s ,  t h e  a r s e n i c  d a t a  of Morin and Maita i s  shown 
as a s o l i d  l i n e .  It can be  seen t h a t  t h e  i r r a d i a t i o n  of t h i s  sample r e s u l t s  
i n  an i n c r e a s e  i n  t h e  h a l l  mob i l i t y  i n  a d d i t i o n  t o  t h e  loss  of l i t h i u m  donors., 
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Even a f t e r  an  i r r a d i a t i o n  of 4 x 10l6  e/cm2 t h e  h a l l  mob i l i t y  i s  equal  t o  
t h a t  of an u n i r r a d i a t e d  sample of t h e  s a m e  donor concent ra t ion .  
mob i l i t y  is  n o t  degraded, t h e  i r r a d i a t i o n  r e s u l t s  i n  no a d d i t i o n a l  charged 
s c a t t e r i n g  c e n t e r s ,  bu t  r a t h e r  a reduct ion  of charged s c a t t e r i n g  cen te r s .  
This  conclusion r u l e s  out  t h e  product ion of charged acceptor  type  d e f e c t s  
by t h e  i r r a d i a t i o n .  Thus t h e  i r r a d i a t i o n  appears  t o  e l e c t r i c a l l y  resemble 
Since h a l l  
t h e  p r e c i p i t a t i o n  process .  
i r r a d i a t i o n ,  as each h ighe r  temperature  i n c r e a s e s  t h e  donor concent ra t ion  
and decreases  t h e  h a l l  mobi l i ty .  The r ed i s so lv ing  of l i t h i u m  donors t o  
concent ra t ions  g r e a t e r  than t h e  before  i r r a d i a t e d  va lues  i s  a l s o  i l l u s t r a t e d  
i n  F igure  12 .  The i r r a d i a t i o n  and annea l ing  of t h i s  material appears  t o  be  
i d e n t i c a l  t o  t h e  p r e c i p i t a t i o n  and r ed i s so lv ing  l i th ium.  
The anneal  has  t h e  exac t  oppos i te  e f f e c t  as 
111. FUTUFS WORK 
I n  a d d i t i o n  t o  con t inua t ion  of t h e  annea l ing  measurements now underway, 
a new group of bo th  c r u c i b l e  and f l o a t  zone l i t h i u m  doped ce l l s  have been 
rece ived  f o r  i r r a d i a t i o n  and subsequent eva lua t ion .  Addi t iona l  work w i l l  
be  extended i n  carrier removal s t u d i e s  and j u n c t i o n  capac i tance  s t u d i e s  i n  
an  a t tempt  t o  o b t a i n  f u r t h e r  information on t h e  energy levels involved i n  
t h e  l i t h ium-s i l i con  system. Two o t h e r  areas of i n t e r e s t  which w e r e  i n i t i a t e d  
i n  t h i s  r e p o r t  pe r iod  are d i f f u s i o n  l eng th  ve r sus  temperature  measurements 
t o  i d e n t i f y  t h e  recombination c e n t e r  energy level and t h e  product ion of 
l abora to ry  n /p  l i t h i u m  doped cells. Although s u f f i c i e n t  d a t a  has  n o t  y e t  
been obta ined  i n  t h e s e  later two areas, e f f o r t s  w i l l  cont inue  i n  t h e  nex t  
r e p o r t  per iod .  
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BASE MATERIAL LITHIUM INTRODUCTION 
CELL BASE RESISTIVITY DIFFUSION REDISTRIBUTION 
GROUP GROWTH (ohm- cm) DOPANT SOURCE (mid C) (min/ O C) 
T3 Lopex >50 Phos. Evaporated 90/400 None 
H4 Float Zone 80-120 Phos. Paint-on 90/425 60/425 
TABLE I. LITHIUM SOLAR CELL MANUFACTURING PARAMETERS 
CELL INITIAL DAMAGED 
GROUP LEVEL LEVEL 
(Isc ma.) (Isc ma.) 
For irradiation of 3 *d4 e/cm2 : 
T3 51-54 24 
H4 33-37 25-28 
For irradiation of 3 - d 5  e/cm 2.  
T3 49-53 15 








TIME (hours) TO 
1/2 RECOVERY 





TABLE 11. LITHIUM SOLAR CELL RECOVERY CHARACTERISTICS 
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CELL CELL N,, (cm-3> -
T3-1 4.00 H4-4001 
2 4.08 400 7 
3 4.22 4020 
4 3,26 4023 
5 4.84 4025 







TABLE 111. DONOR CONCENTRATION AT JUNCTION 
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FIGURE 3. RECOVERY OF GROUP T 3  L I T H I U M  SOLAR CELLS AT 2 5 ° C  
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FIGURE 4 .  RECOVERY O F  GROUP T 3  L I T H I U M  SOLAR CELLS AT 2 5 ° C  
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F I G U K L  6 .  KECOVERY OF GROUP H 4  LITHIUFI SOLAK CELLS AT 2 5 ° C  
- 21 - 
I 1 I I I 1 I 
I I I 
1 I I I 1 
0 0 
rg -3 c1 
I ,  I 
0 
( 'm) 1N3M1113 L1113P13 LlJOHS 
FIGURE 7 ,  ELECTRON DEGRADATION OF CONTEMPORARY 
N/P SILICON SOLAR CELLS 
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FIGURE 8. HALL N O B I L I T Y  FOR LITHIUPI  DOPED S I L I C O N  AS A 
FUNCTION OF LITHII Jb l  CONCENTRATION 
ELECTRON FLUENCE ( IOl6 e/CM2) 
FIGURE 9 .  ELECTRON CONCENTRATION OF L I T H I L P I  DOPED 
S I L I C O N  VERSUS ELECTRON FLUENCE 
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FIGURE 11. ISOCHRONAL ANNEALING OF LITHIUM DOPED SILICON 
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HALL MOBILITY (CM~/VOLT-SEC) 
FIGURE 1 2 .  HALL I \ lOBILITY VERSUS L I T H I U N  CONCENTRATION 
AS A FLIXCTION OF I R R A D I A T I O N  AND ISOCHRONAL ANNEALING 
